Abstract. It is often claimed, that from a quantum system of d levels, and entropy S and heat bath of temperature T one can draw kT ln d − T S amount of work. However, the usual arguments basing on Szilard engine, are not fully rigorous. Here we prove the formula within Hamiltonian description of drawing work from a quantum system and a heat bath, at the cost of entropy of the system. We base on the derivation of thermodynamical laws and quantities in [10] within weak coupling limit. Our result provides fully physical scenario for extracting thermodynamical work form quantum correlations [4]. We also derive Landauer's principle as a consequence of the second law within the considered model.
Introduction
It is well known that thermodynamical work can be drawn at the expense of entropy. An obvious example is a container with ideal gas placed within thermal reservoir at temperature T. Since the energy of ideal gas does not depend on volume, by expanding gas we draw work from reservoir solely at the expense of entropy. The drawn work is equal to T ∆S. A more sophisticated example is Maxwell demon in Szilard engine [1] . The engine consists of a box with one particle of gas. The demon measures where the particle is, puts the piston and by expansion draws kT ln 2 of work. The price is that entropy of demon increases by 1 bit, as was pointed out by Bennett [2] based on Landauer work [3] . The demon serves as entropy sink, which is needed to divide heat from the heat bath into entropy and work. Unlike in the case of the gas in container, here we deal with microscopic objects: we have one molecule, and the demon is thought to be a small, microscopic being. Moreover, demon is not assumed to be necessarily in equilibrium state, so that thermodynamical quantities are not applicable. This gives rise to the following general view: if one has a d-level quantum system in a pure state ψ one can draw kT ln d work out of heat bath of temperature T . If a state of the system is a mixed state ρ, then the amount of work would correspond 206 R. Alicki, M. Horodecki, P. Horodecki, and R. Horodecki
where S(ρ) = ks(ρ); s(ρ) is von Neumann entropy and k is the Boltzmann constant. The function ln d − S(ρ)/k can be viewed as information content of a state. Recently, the idea that one can draw work from heat bath and a system with non-maximal entropy was used to investigate quantum properties of compound systems [4] . The equivalence between work and information (see [5] ) represented by formula (1) was used in the definition of the so called work deficit, which was a difference between the work drawn when there is global access to the bipartite system, and when only local operations and classical communication are allowed. 1 As a result, a new paradigm of investigation of correlations of quantum compound system was obtained, in which quantum correlations manifest themselves through a loss of information during its concentration to local subsystems for the purpose of drawing work from local heat baths. The paradigm, though based on thermodynamical ideas, can be formulated solely by means of basic logical structure of thermodynamics, without the need of referring to the process of drawing work [6] . Yet, the connection with physical quantities such as energy, work and heat makes it even more interesting, especially in the context of more and more realistic proposals to implement thermodynamical quantum microengines [7, 8] . 2 However, so far in the literature there is no rigorous Hamiltonian description of a process of drawing work from heat bath and additional quantum system, to show that we can change information into work according to formula (1). In this paper we provide such a description basing on the derivation of phenomenological thermodynamics from the theory of quantum open system [9, 10]. We will then provide a physical description of protocols considered in [4] for drawing work from local heat baths and compound systems by LOCC. We assume that the quantum system is coupled weakly to the bath. The assumption is needed to give rise to thermodynamical regime. There are attempts to build thermodynamics in strong coupling regime (see e.g. [11, 12] ). The authors claim that more work can be drawn than permitted by the second law. Yet, it seems that they do not take into account all implications of strong coupling regime, which makes their estimates over-optimistic. However, this goes beyond the scope of the present paper. In the paper we also show how Landauer's principle follows from the second law derived within the model we discuss (c.f. [13]).
Protocol of Concentration of Information to Local Form
In this section, we will describe the idea of [4] which motivates the present work. There are two parties that are situated in distant labs. In each lab there is heat bath with temperature T . The parties, Alice and Bob, possess subsystems A and B of a quantum system being in some state ρ AB . They can send particles to
